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evidence	 linking	hot	 temperatures	 to	decreased	 transmission	 in	nature	 remains	
limited.
2.	 We	tested	the	hypothesis	that	hot	temperatures	constrain	transmission	in	a	zoo-













4.	 We	 then	 assembled	 the	 five	mechanisms	 into	 an	 index	 of	 disease	 spread.	 The	
resulting	unimodal	thermal	response	was	most	strongly	driven	by	the	rearing	ef-
fect.	Transmission	peaked	at	intermediate	hot	temperatures	(25–26°C)	and	then	





the	 lack	 of	 summer	 epidemics	 in	 this	 natural	 system.	 This	 work	 demonstrates	
the	 importance	of	 experimentally	 testing	 hypothesized	mechanisms	of	 thermal	





enough	 to	 support	 disease,	 whereas	 others	 that	 previously	 sus-
tained	disease	will	become	too	hot	(Altizer,	Ostfeld,	Johnson,	Kutz,	





















Conceptually,	 upper	 thermal	 constraints	 act	 like	 fever,	 taking	
advantage	of	a	common	thermal	mismatch	between	hosts	and	par-
asites.	Because	hosts	 can	often	 endure	 hotter	 environments	 than	
their	 parasites,	 many	 animals	 increase	 their	 body	 temperature	
when	 infected	 (see	 citations	 below).	 In	 ectotherms,	 fever	 arises	
from	 behavioural	 thermoregulation	 (microhabitat	 selection)	 and	 is	
widespread,	 occurring	 in	 vertebrates	 (including	 amphibians,	 rep-
tiles	 and	 fish:	 Rakus,	 Ronsmans,	 &	 Vanderplasschen,	 2017),	 snails	
(Zbikowska,	Wrotek,	 Cichy,	 &	 Kozak,	 2013)	 and	 insects	 (including	
bees,	 flies,	 grasshoppers,	mosquitoes	 and	 beetles:	 Stahlschmidt	&	
Adamo,	 2013;	 Thomas	 &	 Blanford,	 2003).	 Behavioural	 fever	 can	
impair	 parasite	 performance,	 enhancing	 clearance	 or	 reducing	 vir-
ulence	 of	 infection.	 An	 analogous	 process	 can	 occur	within	 ecto-
thermic	hosts	 inhabiting	high	ambient	 temperatures	 (regardless	of	
infection	status)—in	essence,	an	environmental	fever.	High	ambient	
temperatures	 can	 also	 harm	 parasites	with	 free‐living	 stages	 out-
side	of	hosts.	Mechanistically	linking	high	temperatures	to	reduced	
disease	 requires	examining	 thermal	 effects	on	 components	of	 the	




as	the	rate	of	new	infections	(i.e.	the	parameter	‘β’ calculated from 
infection	prevalence	and	densities	of	hosts	and	parasites;	McCallum	
et	al.,	2017).
Here,	we	use	 a	 series	 of	 experiments	 to	 evaluate	mechanisms	
for	potential	upper	thermal	constraints	on	transmission	in	a	plank-





tion‐based	exposure	 to	parasites.	 Second,	hot	 temperatures	 could	
reduce	parasite	infectivity	inside	hosts,	 lowering	the	probability	of	
successful	 infection	 (via	 effects	 on	 hosts	 and/or	 parasites).	 Third,	
hot	 temperatures	 could	 decrease	 the	 quantity	 of	 parasite	 propa-
gules	 [spores]	produced	by	an	 infection.	This	decrease	could	stem	
from	slower	host	growth	rate	(since	parasite	production	often	scales	




Civitello,	 Forys,	 Johnson,	&	Hall,	 2012).	 Fourth,	 hot	 temperatures	
could	lower	the	quality	of	parasite	spores	released	from	dead	hosts	
into	the	environment	(Shocket,	Vergara,	et	al.,	2018).	Finally,	these	




The	hosts	 (Daphnia dentifera)	are	zooplankton	grazers	 in	freshwater	
temperate	 lakes	 across	 the	 Midwestern	 United	 States;	 the	 fungal	
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perature	declines	 (Shocket,	 Strauss,	 et	 al.,	 2018).	Many	 traits	 that	
influence	disease	spread	(host	demographic	traits,	transmission	rate	
and	 spore	 production)	 change	 plastically	 with	 temperature	 (Hall,	
Tessier,	Duffy,	Huebner,	&	Cáceres,	2006;	Shocket,	Strauss,	et	al.,	
2018).	 Transmission	 increases	 with	 constant	 temperatures	 up	 to	
26°C,	and	hosts	cannot	be	cultured	in	constant	temperatures	above	
27°C	(Shocket,	Strauss,	et	al.,	2018).	However,	organisms	can	with-
stand	 otherwise	 lethal	 temperatures	 in	 fluctuating	 environments	
(Niehaus,	Angilletta,	Sears,	Franklin,	&	Wilson,	2012).	For	instance,	




epilimnion	 at	 night	 (to	 take	 advantage	 of	 greater	 algal	 resources	
and	 faster	 growth	 in	 warmer	 temperatures;	 Hall,	 Duffy,	 Tessier,	
&	 Cáceres,	 2005;	 Lampert,	 1989).	 Epidemics	 often	 begin	 as	 lakes	
start	cooling	from	maximum	summer	temperatures	(Figure	1a).	This	
pattern	 suggested	 that	 high	 temperatures	 could	 constrain	 disease	
spread,	as	predicted	by	theory	(Lafferty,	2009;	Lafferty	&	Mordecai,	
2016).




ture).	 We	 surveyed	 10–28	 lakes	 in	 Indiana	 (Greene	 and	 Sullivan	














the	 transmission	process	with	 laboratory	assays	 (Table	1).	Then,	we	




fluctuating	 temperatures	 to	 expose	 hosts	 to	 high	 temperatures	 for	




quality	 [ρ]	 and	 free‐living	 spore	 effect	 [φ]),	we	 conducted	 common	














impact	their	infectivity.	The	product	of	all	five	components	(f, u, σ, ρ, 
φ)	determines	‘transmission	potential’
Epilimnion temperature (°C)






At id i t t
(a)
(b)
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garden	infection	assays,	exposing	uniform	hosts	at	constant	20°C	to	
spores	from	different	treatments.	Thus,	variation	in	transmission	rate	





licate	 experiments	 across	multiple	 incubators.	 Thus,	 our	 tempera-
ture	 treatments	 are	 ‘pseudo‐replicated’	 in	 that	 all	 replicates	 for	 a	
treatment	were	conducted	in	the	same	incubator	at	the	same	time.	
Accordingly,	 our	 results	 may	 be	 influenced	 by	 random	 incubator	
effects.
3.3 | Mechanisms 1 & 2: Foraging rate (f) and spore 
infectivity from within‐host processes (u)
We	 measured	 foraging	 rate	 of	 hosts	 by	 comparing	 the	 fluores-















could	 inhibit	 the	 parasite	 during	 either	 process.	 Thus,	we	 factori-
ally	manipulated	 the	maximum	 temperature	 (20	 and	32°C)	 during	
parasite	exposure	and	 infection	establishment	 (for	 four	exposure/
establishment	 treatments:	 20/20,	 20/32,	 32/20	 and	 32/32°C)	 to	
reveal	whether	 high	 temperatures	 interfere	 at	 either	 step	 (similar	
to	Allen	&	Little,	2011).	Hosts	were	exposed	individually	in	their	‘ex-






3.4 | Mechanism 3: Spore yield (σ) and related 
host and parasite traits





26	 and	32°C)	 since	 they	did	not	differ	 statistically	 (20°C:	p = .65; 
32°C	p =	.93).	We	tested	for	differences	between	temperatures	by	
fitting	 a	 suite	 of	models	 via	MLE:	 in	 each	model,	 spore	 yield	was	
normally	distributed	and	temperature	treatments	could	exhibit	the	
same	 or	 different	 means	 and	 standard	 deviations.	 We	 compared	
models	using	AIC	and	calculated	p‐values	with	likelihood	ratio	tests.








series	 (‘within‐host	parasite	growth	assay’;	 see	Appendix	S1),	 since	
spore	yield	could	decline	if	the	number	of	parasites	increases	more	
slowly,	independently	of	host	condition	(Thomas	&	Blanford,	2003).	
We	fit	and	bootstrapped	 linear	models	of	 ‘spore	 load’	over	 time	to	
estimate	parasite	growth	rate	(gp,	the	model	slope).	 ‘Spore	load’	es-






TA B L E  1  The	experiments	(and	spore	sources)	used	to	test	the	five	mechanistic	components	of	disease	transmission




























3.5 | Mechanisms 4 & 5: rearing (ρ) and free‐living 
spore (φ) effects on infectivity
We	 measured	 how	 high	 temperatures	 modify	 spore	 infectivity	
prior	to	encountering	hosts	via	a	rearing	effect	on	baseline	spore	









To	measure	φ,	 we	 used	 spores	 incubated	 at	 three	 temperatures	
(20,	25	and	30°C)	for	two	durations	(1	day	and	7	days)	in	constant,	
non‐fluctuating	 temperatures	 (spores	 do	 not	 migrate	 between	
stratified	water	 layers).	One‐day	 incubations	were	 stored	at	4°C	
for	 the	 first	 6	 days	 (standard	 procedure	 for	 spore	 storage).	We	
estimated	 transmission	 rates	 (β)	 from	 the	 prevalence	 data	 (see	
Appendix	S1).
Both	 mechanisms	 influence	 transmission	 by	 modifying	 spore	
infectivity	 (already	 estimated	 from	 within‐host	 processes	 as	 u,	
mechanism	1).	Thus,	in	order	to	incorporate	these	mechanisms	into	
a	 synthetic	 metric	 for	 disease	 spread	 (transmission	 potential,	 see	
below),	we	calculated	unit‐less	rearing	(ρ)	and	free‐living	(φ)	effects	
standardized	 to	 infectivity	 at	 20°C.	 Specifically,	 we	 calculated	 the	
parameters	by	dividing	the	estimates	for	transmission	rate	(β) at 26 
and	32°C	by	that	at	20°C.	Accordingly,	values	of	ρ < 1 or φ < 1 mean 
spores	are	 less	 infectious	due	 to	 rearing	or	 free‐living	effects	 than	
at	20°C,	 respectively;	 conversely,	 values	>1	mean	spores	are	more	
infectious	than	at	20°C.	To	calculate	confidence	intervals	at	20°C,	we	












of	 all	 five	 mechanisms.	We	 defined	 transmission	 potential	 as	 the	
product	of	all	five	parameters	(f, u, σ, ρ, φ).	We	generated	confidence	
intervals	 using	 bootstrapped	 parameter	 distributions.	 To	 visual-
ize	the	contribution	of	each	parameter,	we	calculated	transmission	
potential	for	each	of	the	five	possible	four‐parameter	combinations,	
holding	 the	 fifth	 parameter	 constant	 at	 its	 20°C	 point	 estimate.	
These	 values	 reveal	 how	 each	 parameter	 affects	 the	 magnitude	





rameters	 derived	 from	 transmission	 rates	 (β,	u,	ρ and φ),	we	 used	





pare	 treatments.	 Specifically,	 we	 calculated	 the	 cumulative	 prob-
ability	density	of	 the	best	 estimate	 from	one	 treatment	 according	
to	the	bootstrapped	distribution	of	the	other.	These	‘PD	values’	are	
analogous	 to	p‐values.	We	considered	 treatments	significantly	dif-
ferent if PD <	0.025.	See	Appendix	S1	for	details	and	a	complete	list	
of	statistical	tests	and	results.
4  | RESULTS
4.1 | Mechanisms 1 & 2: Foraging rate (f) and spore 





p =	 .0013;	 32°C	 infection	 establishment:	p <	 .0001).	 Temperature	














parasite	 contact,	 spore	 infectivity	 was	 fairly	 insensitive	 to	 high	
temperatures	 (Figure	 2c).	 Temperature	 during	 infection	 establish-
ment	did	not	impact	spore	infectivity	(20°C	exposure:	p =	.10;	32°C	
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exposure:	p =	.31).	Exposure	temperature	increased	spore	infectivity	
(20°C	 infection	 establishment:	p =	 .034;	 32°C	 infection	 establish-
ment: p =	.0052),	but	in	the	opposite	direction	of	the	hypothesized	
mechanism	 (hotter	 temperature	 increased	 infectivity).	 When	 ex-
posure	and	infection	establishment	temperatures	were	equal	(as	in	
nature),	spore	infectivity	did	not	differ	(p =	.37).	Thus,	high	tempera-
tures	 increased	 the	 foraging	 rate	 of	 hosts,	 elevating	 host	 contact	
with	spores,	while	spore	infectivity	barely	changed.	These	changes	
in	parasite	exposure	led	to	more	transmission	at	high	temperatures.
4.2 | Mechanism 3: Spore yield (σ) and other 
measures of host and parasite growth
Final	spore	yield	 (σ)	 in	hosts	that	died	from	infection	was	 lower	at	












hosts	 (i.e.	 intercepts	 of	 linear	model).	 At	 the	 earliest	 point	 in	 the	
sacrifice	series	 (day	8),	 spore	 load	was	highest	at	26°C,	 intermedi-
ate	at	32°C	and	nearly	zero	at	20°C	(Figure	3d).	Given	thermally	in-
sensitive	daily	growth	rates	of	parasites	(gP;	Figure	3e),	these	head	







4.3 | Mechanisms 4 & 5: rearing (ρ) and free‐living 
spore (φ) effects on infectivity
Spore	infectivity	(measured	as	transmission	rate)	responded	unimo-
dally	to	temperature	in	the	previous	infection	(rearing	effect	on	spore	
quality,	 ρ;	 Figure	 4a).	 Infectivity	 increased	 significantly	 for	 spores	
made	at	20	versus	26°C	for	one	of	two	spore	sources	(p = .0083 for 
spores	from	β	+	u	measurement	assay	[square,	Figure	4a];	p = .092 
for	 spores	 from	 within‐host	 growth	 assay	 [diamond]).	 Infectivity	
then	declined	for	spores	made	at	26	versus	32°C	(p =	.0001	for	both	
spore	sources).	 Infectivity	was	significantly	 lower	 for	spores	made	
at	32	versus	20°C	for	one	of	two	spore	sources	(p =	.16	for	spores	
from β	 +	u	measurement	 assay	 [square];	p =	 .026	 for	 spores	 from	
within‐host	 growth	 assay	 [diamond]).	 The	 parameter	ρ	 (Figure	 4c)	
















































































































The	 thermal	 environment	of	 free‐living	 spores	 also	 impacted	
their	 infectivity	 (φ;	 Figure	 4b,d).	 Spore	 infectivity	 decreased	
with	 higher	 incubation	 temperatures	 after	 7	 days	 (20	 vs.	 25°C:	
p =	 .0031;	 25	 vs.	 30°C:	 p <	 .0001;	 diamonds	 on	 Figure	 4b).	
However,	spore	infectivity	did	not	change	after	1‐day	incubations	
(flat	line	in	Figure	4b	[squares];	20	vs.	25°C:	p =	.65,	25	vs.	30°C:	
p =	 .64).	All	 1‐day	 incubations	 used	 stored	 (refrigerated)	 spores.	
They	 had	 lower	 infectivity	 than	 the	 7‐day	 incubation	 at	 20°C,	
likely	because	storage	at	4°C	also	lowers	spore	infectivity	(1‐	vs.	
7‐day	incubations	at	20°C:	p <	.0001;	Duffy	&	Hunsberger,	2019).	
The	 parameter	φ	 (Figure	 4d)	 shows	 the	 free‐living	 spore	 effect	
assuming	 that	 spores	 lose	 infectivity	 gradually	 over	 seven	 days	
as	 they	 are	 consumed	 by	 hosts	 (see	Methods	 and	 Appendix	 S1)	
and	normalized	by	transmission	rate	at	20°C	(used	for	calculating	
transmission	potential).
4.4 | Transmission	potential	(f, u, σ, ρ, φ)








The	 initial	 increase	 in	 transmission	 potential	 from	 20	 to	
25/26°C	was	driven	most	strongly	by	host	foraging	(f,	mechanism	
1)	and	the	rearing	effect	on	spore	quality	(ρ,	mechanism	4):	holding	
either	 trait	constant	 removes	 the	significant	difference	between	
temperatures	(Figure	5b,e,	respectively).	The	subsequent	drop	in	
transmission	 potential	 from	 25/26	 to	 30/32°C	was	 driven	most	
strongly	 by	 the	 rearing	 effect	 (ρ):	 holding	 it	 constant	 again	 re-
moves	 the	 significant	 difference	 (Figure	5e).	Harm	 to	 free‐living	
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spores	 (φ,	 mechanism	 5)	 also	 contributes	 somewhat	 (Figure	 5f	
vs.	 5a),	 though	 not	 enough	 to	 affect	 the	 statistical	 significance.	
Additionally,	 the	 thermal	 response	of	host	 foraging	 (f )	 is	 key	 for	
maintaining	transmission	at	high	temperatures:	without	increased	
exposure	to	spores,	the	remaining	mechanisms	would	significantly	
reduce	 transmission	 at	 30/32°C	 compared	 to	 20°C	 (Figure	 5b).	





We	 investigated	 upper	 thermal	 constraints	 on	 fungal	 epidemics	
in a Daphnia	 zooplankton	 host.	 The	 seasonality	 of	 the	 autumnal	
epidemics	suggested	that	hot	conditions	might	constrain	disease:	
epidemics	 usually	 start	 after	 lakes	 cool	 from	 maximal	 summer	







fect	 on	 spore	 quality	 driven	 by	 temperature	 during	 the	 previous	








maximally	 high	 temperatures	 do	 constrain	 disease,	 but	 not	 suffi-
ciently	to	explain	the	absence	of	summer	epidemics	on	their	own.





































Rearing effect − ρ
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Contrary	 to	our	 initial	 hypothesis,	 high	 temperatures	 increased 
transmission	 rate	 (Figure	 2a).	 In	 principle,	 high	 temperatures	 can	




fungi	 are	 particularly	 sensitive	 to	 high	 temperatures	 compared	 to	
other	pathogen	taxa	(Robert	&	Casadevall,	2009)	and	fungal	patho-
gens	 are	 often	 limited	 by	 high	 temperatures	 (Berger	 et	 al.,	 2004;	
Carruthers	 et	 al.,	 1992;	 Langwig	 et	 al.,	 2015;	 Raffel	 et	 al.,	 2010;	
Thomas	 &	 Blanford,	 2003).	 However,	 high	 temperatures	 did	 not	
interfere	with	this	fungus's	success	at	either	stage	of	transmission:	
the	day	of	exposure,	when	most	spores	penetrate	the	host's	gut,	or	
infection	 establishment,	when	 the	 fungus	 replicates	 and	 develops	
within	the	host	(Stewart	Merrill	&	Cáceres,	2018).	Instead,	high	tem-
peratures	 elevated	host	 foraging	 rate	 (Figure	2b),	which	 increases	
exposure	 to	 parasites,	 thereby	 increasing	 transmission	 rate	 (Hall	
et	al.,	2007).	 In	 lakes,	 the	 thermal	 response	of	 foraging	 (exposure)	
drives	 variation	 in	 the	 size	 of	 epidemics,	 which	 occur	 in	 autumn:	
epidemics	 that	start	earlier	 in	warmer	conditions	grow	 larger	 than	
those	starting	later	and	colder	(Shocket,	Strauss,	et	al.,	2018).	This	
foraging‐controlled	 exposure	 to	 parasites	 is	 a	 potentially	 general	
mechanism:	 higher	 temperatures	 also	 increase	 outbreak	 size	 for	
armyworms	that	consume	virus	particles	on	leaves	(Elderd	&	Reilly,	
2014).	However,	 transmission	 plateaued	with	 temperature	 for	 an-
other	ingested	Daphnia	pathogen	(Vale,	Stjernman,	&	Little,	2008).
Spore	 yield	 (σ)	 declined	 at	 the	 highest	 temperature	 (32°C;	
Figure	3).	Although	the	effect	on	transmission	potential	was	minimal	
F I G U R E  5  High	temperature	impacts	
on	transmission	potential.	(a)	Transmission	
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(Figure	5d),	the	results	for	related	traits	provide	mechanistic	insights	
into	 host–parasite	 interactions.	 Parasite	 burdens	 often	 decline	 at	
temperatures	 near	 the	 thermal	 maxima	 of	 the	 host	 and/or	 para-
site,	for	example	for	nematodes	in	slugs	(Wilson,	Digweed,	Brown,	
Ivanonva,	 &	 Hapca,	 2015),	 trematodes	 in	 snails	 (Paull,	 Lafonte,	 &	
Johnson,	2012),	bacteria	in	Daphnia	(Vale	et	al.,	2008)	and	fruit	flies	
(Lazzaro,	Flores,	Lorigan,	&	Yourth,	2008),	and	powdery	mildew	in	
plants	 (Laine,	2007).	 In	theory,	 reduced	parasite	production	at	hot	
temperatures	 could	 arise	 from	 several	mechanisms.	 First,	 parasite	


































because	 spore	 yield	 can	 influence	epidemic	 size	 for	 obligate	 killer	








can	 arise	 with	 variation	 in	 resources	 consumed	 by	 hosts	 (Cornet,	
Bichet,	Larcombe,	Faivre,	&	Sorci,	2014;	Little,	Birch,	Vale,	&	Tseng,	
2007;	 Tseng,	 2006),	 temperature	 experienced	 by	 hosts	 (Shocket,	
Vergara,	 et	 al.,	 2018)	 or	 host	 genotype	 (Searle	 et	 al.,	 2015).	 These	
understudied	 rearing	 effects	 may	 drive	 performance	 of	 parasites	
to	an	unappreciated	extent	(Shocket,	Vergara,	et	al.,	2018).	Second,	













the	 free‐living	 effect	 lacks	 enough	 strength	 to	 inhibit	 epidemics	
during	summer,	even	when	combined	with	the	other	mechanisms	(see	













the	observed	 field	pattern	and	 interact	with	 the	 thermal	effects	
examined	here.	Furthermore,	climate	change	could	disrupt	covari-
ation	among	drivers.	For	example,	high	temperatures	may	persist	
later	 in	 the	 year	 when	 damaging	 solar	 radiation	 is	 less	 intense.	
Incorporating	 these	 other	 factors	 may	 help	 explain	 the	 current	
field	pattern	and	improve	predictions	for	how	climate	change	will	
impact	epidemics.	These	predictions	should	also	explicitly	account	




but	 did	 not	 isolate	 effects	 of	 thermal	 variation.	 Future	 efforts	
could	 estimate	 this	 effect	 to	 better	 predict	 how	 climate	 change	
will	impact	the	host,	the	parasite	and	their	interaction.




disease	 spread.	 However,	 such	 constraints	 have	 been	 rigorously	
tested	 in	 only	 a	 handful	 of	 systems.	Here,	we	 hypothesized	 that	
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high	 summer	 temperatures	 limit	 transmission	 of	 a	 zooplankton–
fungus	disease	system	with	autumnal	epidemics	(i.e.	during	cooler	
conditions).	 High	 temperatures	 constrained	 disease	 transmission	
enough	 to	 produce	 a	 unimodal	 thermal	 response.	 This	 response	
arose	primarily	through	a	rearing	effect	on	spore	quality	and	due	
to	 harm	 to	 free‐living	 spores.	However,	 the	 thermal	mechanisms	
estimated	here	were	not	sufficient	to	explain	the	 lack	of	summer	
epidemics.	Hence,	we	draw	 two	major	 lessons.	First,	we	need	 to	
continue	 to	 rigorously	 evaluate	 multiple	 mechanisms	 of	 thermal	
constraints	 on	 components	 of	 disease	 transmission.	 Second,	 our	
example	 cautions	 against	 drawing	 conclusions	 about	 constraints	
on	disease	from	warming	based	on	field	patterns	and	theory	alone.
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